Insertions, deletions, and inversions in the chloroplast genome of higher plants have been shown to be extremely useful for resolving phylogenetic relationships both between closely related taxa and among more basal lineages. Introns and intergenic spacers from the chloroplast genome are now increasingly used for phylogenetic and population genetic studies of populations from a single species, and it is therefore interesting to know whether indels can provide useful data and hence increase the power of intraspecific studies. Here, we show that indels in three cpDNA intergenic spacers and one cpDNA intron for two species of Silene evolve at slightly higher rates than base pair substitutions. Repeat indels appear to have the highest rate of evolution and are thus more prone to homoplasy. We show that coded indel data have high information content for phylogenetic analysis, and indels thus provide useful information to infer phylogenetic relationships at the intraspecific level.
Introduction
Microstructural changes, such as insertions and deletions (indels) and inversions in the chloroplast genome of higher plants, can be extremely useful both for resolving phylogenetic relationships among basal lineages in the angiosperms (Graham et al. 2000) and for inferring relationships among more closely related taxa (Golenberg et al. 1993; Kelchner and Clark 1997; Kelchner 2000) . Introns and intergenic spacers from the chloroplast genome are now increasingly used also for phylogenetic (Kelchner 2000) and population genetic (McCauley 1995) studies of either very closely related species or of populations from a single species. However, as the rate of base pair substitutions in the chloroplast is fairly low (Wolfe, Li, and Sharp 1987; Muse 2000) these studies often have very low resolution unless large stretches of DNA is sequenced. It would thus be valuable to know whether indels in these regions can also be of use for resolving relationships between closely related sequences and hence increase the power of intraspecific studies.
Several molecular processes are known to create indels. Polymerase slippages during DNA replication, so called slipped-strand mispairing (Levinson and Gutman 1987) , add or subtract short repeat sequences, usually one or a few base pairs in length. Repeat structures in chloroplast DNA are primarily found in AT-rich regions and often involve long stretches of repeats of a single nucleotide (Kelchner 2000) . Larger indels are often associated with the formation of hairpins (Kelchner and Wendel 1996) or stem-loop structures in DNA secondary structure (Kelchner 2000) , and these indels may or may not show sequence similarity with the flanking region of the indel site. Different types of indels also show varying amounts of homoplasy. In general, in between-species studies, repeat indels seems to be more prone to homoplasy, simply because the rate at which they occur appears to be higher than larger indels (Olsen 1999; Kelchner 2000) . Another cause of homoplasy is multiple, overlapping indels within a single region of DNA (Kelchner 2000; Simmons and Ochoterena 2000) .
Here, we present a study of the molecular evolution of indels in three intergenic spacers and one intron from the chloroplast genome of Silene latifolia and S. vulgaris. We show that indels in these four regions evolve at slightly higher rates than base pair substitutions. Repeat indels appear to evolve at higher rates than other types of indels and are thus more prone to homoplasy. We also show that the indel data have high information content for phylogenetic analysis, and coded indels can provide useful information to infer phylogenetic relationships at the intraspecific level.
Material and Methods
Silene latifolia and S. vulgaris are weedy, short-lived perennial herbs, common throughout Europe. Both species are weeds of agriculture and have similar ecological and life history characteristics. The data used here were collected for a study on cytoplasmic genetic diversity in the two species (Ingvarsson and Taylor 2002) . Seeds were collected from populations of both species scattered throughout Europe (from the Mediterranean northward into Scotland, and from the Atlantic Ocean eastward as far as Armenia), and DNA was isolated from one plant per population. Total genomic DNA was isolated from leaf tissue using DNeasy plant mini-prep kit (Qiagen Inc., Valencia, Calif.). We studied three chloroplast intergenic spacers, trnL-trnF (GenBank accession numbers AF518879 to AF518903 and AF519072 to AF519099), trnH-psbA (GenBank accession numbers AF518904 to AF5189028 and AF518957 to AF518984), and trnG-trnS (GenBank accession numbers AF518929 to AF518956 and AF519047 to AF519071), and one intron in trnL (GenBank accession numbers AF518985 to AF519012 and AF519013 to AF519037). The cpDNA regions were amplified using polymerase chain reaction (PCR) from 35 to 53 S. latifolia and 35 to 47 S. vulgaris plants (table 1) . For all PCR amplifications, we used universal primers (Taberlet et al. 1991; Hamilton 1999) . PCR products were cleaned using a QIAquick PCR Purification Kit (Qiagen Inc., Valencia, Calif.), and the cleaned PCR product was cycle sequenced directly using BigDye terminator ready reaction mix (Applied Biosystems Inc., Foster City, Calif.) and applied to an ABI377 automated sequencer (Applied Biosystems Inc.). To increase quality of the data, both forward and reverse strands were sequenced independently. Sequences were verified manually and contigs were assembled using the computer program Sequencher (Gene Codes Corporation, Inc.). Multiple sequence alignments were made using Pileup from the software package GCG (Wisconsin Package, v. 10.0, Accelrys Inc., Calif.) and adjusted manually. Insertions and deletions in the data were coded using presence/absence (0/1) for large indels and the number of repeat units (0 to 9) for mononucleotide and dinucleotide repeats (A, T, and AT repeats, respectively; see also Supplementary Material online).
In all analyzes, we ignored singleton base pair substitutions and indels (i.e., characters that only occurred in a single individual in the data set and that hence were not parsimony informative). Phylogenetic trees were constructed in PAUP * using maximum parsimony for two separate data sets, one containing only base pair substitutions and the other containing only the coded indels for each region. In all analyses, characters were weighted equally and were assumed to be unordered except when stated otherwise.
Repeat indels arise through replication slippage and are often assumed to evolve according to a stepwise mutation model (Levinson and Gutman 1987) . We therefore performed all analyses of the indel data with repeat indels assigned as either unordered or ordered characters in PAUP * (Swofford 1998) . As a measure of the level of homoplasy in the data set, we scored the consistency index (CI) (Kluge and Farris 1969) , the retention index (RI) and the rescaled consistency index (RC) (Farris 1989) . Indels were then grouped by type (true indel or repeat indel) to determine whether the two types of indels provide the same phylogenetic resolution.
Next, we appended the two different data sets (base pair substitutions and indels) for the four chloroplast regions for individuals where all four regions had been sequenced. This combined data set consisted of 25 S. latifolia and 29 S. vulgaris individuals. We performed an incongruence length difference (ILD) test to determine whether the two types of data (base pair substitution or indels) produced phylogenetic trees that were congruent with each other (Farris et al. 1994) . The data set containing base pair substitutions included only variable sites to avoid artificially inflating the results of ILD test (Cunningham 1997; Lee 2001) .
Results and Discussion
Several aspects of our data indicate that indels evolve at similar or slightly higher rates than base pair substitutions in the chloroplast regions studied. In Silene latifolia, there were a total of 50 segregating sites and 25 unique indels, of which 18 and 20, respectively, were parsimony informative. In Silene vulgaris, there were 27 segregating sites and 27 unique indels, of which 10 and 18, respectively, were parsimony informative (table 1). Both base pair substitutions and indels had low homoplasy, and indels can thus be an important complement to base pair substitutions for resolving phylogenetic patterns within species.
However, not all indels are equal. Single and dinucleotide repeat indels appeared to evolve at a faster rate than either base pair substitutions or other types of indels, as evidenced by the greater degree of homoplasy for repeat indels in both S. latifolia and S. vulgaris (table 1; see also Supplementary Material online). This was true regardless of whether repeat indels were scored as unordered or ordered characters in the parsimony analyses (data not shown).
The phylogenetic utility of indels is corroborated by the ILD test that show no evidence of phylogenetic incongruence between parsimony trees based on base pair substitution data or indel data alone (ILD test; P ¼ 0.98 for S. latifolia and P ¼ 0.98 for S. vulgaris). Not surprisingly, based on strict consensus trees, a combined data set of base pair substitutions and indels produced phylogenetic trees with higher resolution than trees based on base pair substitutions alone ( fig. 1 ). Chloroplast DNA have lower substitution rate than nuclear DNA in plants (Wolfe, Li, and Sharp 1987; Muse 2000) , and sequence diversity and phylogenetic resolution at the intraspecific levels is generally low for moderate amounts of sequence data (1 to 2 kb). However, our results indicate that coded indels have levels of homoplasy comparable with base pair substitutions, and including coded indels may therefore increase the resolution of phylogenetic studies. Moreover, some forms of indels have levels of homoplasy virtually identical to base pair substitutions, where other types, primarily repeat indels, are far less reliable. For example, we constructed phylogenetic trees for both S. latifolia and S. vulgaris using combined data from all four chloroplast regions, including both base pair substitutions and indels. In S. latifolia, the rescaled consistency index (RC) increased from 0.526 to 0.620 when repeat indels were excluded, whereas it is 0.832 for base pair substitutions alone. For S. vulgaris, RC equals 0.441 with all characters included in the analysis and 0.681 without repeat indels. For S. vulgaris, RC equals 0.877 for the base pairs substitutions alone.
In an earlier study (Ingvarsson and Taylor 2002) , we showed that cpDNA sequence diversity was reduced by about 50% in S. vulgaris compared with S. latifolia, despite having equal levels of sequence diversity at a nuclear gene. Ingvarsson and Taylor (2002) argued that this was due to cytoplasmic male sterility causing a rapid turnover of cytoplasmic lineages in S. vulgaris. Somewhat surprisingly, the number of unique indels found in this study did not differ between the two species (table 1) . However the two species differed markedly in the types of indels they carry. Specifically, in S. vulgaris, most indels (71%) were rapidly evolving repeat indels, whereas in S. latifolia, only 47% of indels were repeat indels. The reduction in the number of slowly evolving indels (with low levels of homplasy) in S. vulgaris relative to S. latifolia was roughly the same as the observed difference in base pair substitutions between the species (S. vulgaris has 50% fewer slowly evolving indels and 46% fewer for base pair substitutions). This provides additional evidence that the molecular evolution of nonrepeat indels and base pair substitutions are roughly similar. The reduction in chloroplast phylogenetic diversity in S. vulgaris relative to S. latifolia at slowly evolving sites most likely reflects purifying selection in the chloroplast genome of S. vulgaris (Ingvarsson and Taylor 2002) . The lack of a clear difference between the two species at rapidly evolving repeat indels is more puzzling, although it is possible that the extensive homoplasy observed for repeat indels sites makes it more difficult to detect any differences in diversity at such sites.
We have shown that phylogenetic studies performed at the intraspecific levels may benefit from including coded indel data, although our data suggest that repeat indels are less reliable than other types of indels and should be avoided, if possible. At the present time, using coded indels has the drawback of restricting the analytical methods one can use. We have shown their utility in a parsimony-based analysis, but it would be more of a challenge to employ a maximum-likelihood-based approach without specific models of evolution, such as those available for base pair substitutions (see McGuire, Denham, and Balding [2001] for an example of such a model that includes indels). Nevertheless, we see the present study as a necessary first step in developing models of evolution for the different types of insertions and deletions in DNA sequence data.
